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ABSTRACT
Surface and Interface Study of Cesium on Silicon Carbide and HOPG using 
Photoeleetron Spectroscopy and Atomic Force Microscopy
By
Sharath Sudarshanam
Dr. Clemens Heske, Examination Committee Chair 
Professor, Department o f Chemistry 
University o f  Nevada, Las Vegas
TRistructural-ISOtropic (TRISO) fuel particles are being developed for the use in 
next generation nuclear power plants. They consist o f a UO2 kernel coated with layers o f 
different materials to keep the fission produets inside the particle. The kernel is 
surrounded by a porous earbon layer, followed by a dense inner pyrolytic carbon layer, a 
SiC layer, and a dense outer pyrolytie earbon layer. One central question o f  this 
technology is whether the fission products “corrode” this shell o f  the TRISO particle 
during operation. To answer this question, we have investigated the interface between 
cesium (Cs, which is one o f  the metal fission products) and silicon carbide (SiC, which is 
the main diffusion barrier in the TRISO particle) as well as highly oriented pyrolytie 
graphite (HOPG; which is structurally similar to the pyrolytie earbon layers found in the 
TRISO shell). Corresponding samples were characterized by X-ray (XPS) and ultraviolet 
(UPS) photoeleetron spectroscopy as well as atomic force microscopy (ATM). Since XPS 
and UPS are very surface-sensitive techniques, the interface formation was monitored by 
step-wise deposition o f Cs on HOPG and SiC using an alkali metal evaporator, which
111
was designed and built within this thesis. The detailed analysis o f the XPS line intensities 
o f both Cs on HOPG as well as on SiC suggests an island-like growth o f the Cs film. This 
model eould be corroborated for HOPG by AFM  measurements clearly showing the Cs 
islands on the HOPG surface. In addition to the structural information, the XPS spectra 
give insight into the chemistry oeeuring at the two interfaces. We can identify an 
additional carbon species that can be attributed to an interfacial species, suggesting a 
strong chemical interaction. Significant changes were found after heating a thick Cs film 
on HOPG in air. M ost o f  the Cs atoms vanished from the HOPG surface, most likely due 
to diffusion into the HOPG. Furthermore, the AFM pictures taken o f  this sample show a 
strongly changed surface morphology with deep craters, suggesting a strong interaction 
between Cs and the HOPG surface.
The findings o f  this thesis thus shed light on the detailed chemical and electronic 
interactions between a potential fission product and surrogate materials for TRISO 
coating layers. Based on these interactions, schemes can be designed and monitored to 
prevent the corrosion o f TRISO coatings by metal fission products during reactor 
operation.
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Nuclear fission and fusion are two distinct nuclear processes, one involving the 
breaking o f the nucleus dividing it into smaller nuclei (nuclear fission) and the other one 
involving two nuclei combining together to form a larger nucleus (nuclear fusion). In 
principle, nuclear fusion can liberate much higher energy than fission (using either U^^  ̂
or Pu^^^) and produce no nuclear waste. However, despite strong research efforts its 
technical realization will still take several decades and can not be guaranteed.
In contrast, as o f 2005, nuclear power provided 6.5% o f the w orld’s energy and 15% 
o f the world's eleetrieity, with the U.S, France, and Japan together accounting for 56.5% 
o f this nuelear-generated eleetrieity [3]. Despite this centrally important role o f nuclear 
power, there are also unsolved issues associated with the use o f nuclear power 
generation, e.g., the handling o f the produced radioactive waste and the open question o f 
its safe storage and the stringent needs for safe plant operation. Both o f these areas 
including a multitude o f technical challenges, one o f  them being the understanding and 
control o f fuel failure mechanisms.
I . I Classification o f nuclear reactors
Several methods are used to classify nuclear reactors, either by the type o f nuclear 
reaction, by the moderator material, by the coolant used, or by its generation (I-IV).
I
Generation I was developed in the 1950-60s. M ost o f these reactors use uranium as the 
fuel and graphite as the moderator. Generation II reactors were the first commercial 
power reactors using enriched uranium fuel, cooled and moderated by water. 
Evolutionary improvements in design, developed during the lifetime o f  generation II, 
such as improved fuel technology and passive safety systems have led to the more 
advanced generation III reactors. Generation IV designs are currently being researched 
and are expected to be commercially available after the year 2020. Generation IV reactors 
are expected to be highly economical with enhanced safety and proliferation resistant and 
to produce a minimal amount o f  waste [2].
1.2 TRISO fuel
TRistructural-ISOtropic (TRISO) particle fuel is currently designed to be used in 
high temperature gas-eooled reactors (HTGRs) and will be the fuel for the generation-IV 
Very High Temperature Reactor (VHTR). TRISO fuels contain heavy metal oxides (or 
oxyearbides) - usually uranium oxide (or uranium oxyearbide) - as a fuel kernel, which is 
prepared by an internal gelation method [3]. This fuel kernel is coated with ‘four layers o f 
three isotropic materials’ [3] as shown in Fig. 1-1. The task o f  these four layers is to 
retain any fission products within the particle. The four layers are: (1) inner porous 
earbon buffer layer (helps in attenuating fission recoils and provides void volume for any 
gaseous fission products and earbon monoxide); (2) high density inner pyrolytie earbon 
(IPyC) acts as containment to gases; (3) silicon carbide (SiC) coating layer (deposited 
using a variant o f  chemical vapor deposition), which provides mechanical strength for the 
particle and acts as a structural material and diffusion barrier to the metallic fission 
products (which can easily diffuse through the IPyC layer [3]); and (4) high-density outer
pyrolytic layer (OPyC), which adds mechanical strength. A large number o f fuel particles 
are mixed with earbon-based mastic or tar to make the fuel compact. The mixture is 
pressed into the shape o f a short right-eireular cylinder and sintered at a high temperature 
to drive o ff all the volatile components [4,50]. These compacts are similar in function to 
fuel rods. The compacts are then loaded into predrilled holes in a machined graphite 
block to make the fuel element. The fuel elements are hexagonal in shape and contain 
additional holes to accept control rods and provide a path for flowing coolant.
M any failure mechanisms o f the fuel particles were previously reported [2]. M ost o f 
these involve corrosion or thinning o f the SiC and IPyC (or OPyC) layers. Even though 
SiC has excellent mechanical properties it loses its mechanical integrity at very high 
temperatures by thermal dissociation [6-8]. The SiC layer is also attacked chemically by 
fission products [9] causing fractures in the coating layers and thereby opening an escape 
path for the fission products.
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Figure I-I : Sehematie presentation o f  TRISO fuel particles used in a Pebble Bed 
M odular reactor (PBMR, from [10])
Some o f the major fission products are Cesium (Cs), Silver (Ag), Palladium (Pd) and 
Strontium (Sr), which are reactive and/or tend to diffuse readily in a variety o f matrices. 
Coen et al. [11,12] showed that Cs vapor attacks SiC at temperatures higher than 1500°C 
(see Fig. 2-1), indicating that Cs interacts with SiC not only by simple diffusion. In 
addition, also Pd is known to corrode the SiC layer [13,14].
So far it is not exactly known how the Cs attacks the SiC and the pyrolytic carbon 
layers. Thus, it is important to study and understand the chemical interactions and the 
interface formation between them. This thesis tries to add a new point o f view to the 
existing discussion on the behavior o f  the SiC and pyrolytic carbon layers in TRISO 
nuclear fuels. By studying well-defined model systems, namely highly oriented pyrolytic 
graphite (HOPG) as a reference material for the pyrocarbon layers and a SiC single 
crystal as a reference for the SiC TRISO layers, and by using characterization techniques 
that give direct insights into the chemical and eleetronie structure, direct evidence for the 
chemical interactions at the interface between fission product and coating layer can be 
gained. This study is hence sheds light on the chemical stability o f TRISO particles with 
respect to diffusion o f Cs through the SiC and pyrolytie graphite coating layers and the 
corresponding interface structure. Based on this detailed analysis o f the interface 
properties, surface and interface modification treatments for an enhanced stability o f 
TRISO-fuel particles might be proposed in the future.
In this chapter a brief introduction about nuclear reactors and TRISO fuel was given. 
A literature review o f the work related to SiC and graphite surfaces as well as to the 
corrosion o f SiC by Cs in nuclear fuels will be presented in Chapter 2. Chapter 3
describes the experimental setups, the used cleaning procedures, and the construction o f 
the metal evaporator. In Chapter 4, the results o f  the interface study are presented and 
discussed. The results are summarized in Chapter 5 and future experiments are proposed.
CHAPTER 2
LITERATURE REVIEW 
In this section, a brief review o f the pertinent literature is given, first focusing on the 
HOPG surface properties, second on SiC surface studies, and third on the interaction 
between HOPG or SiC and selected metal fission products. A detailed description o f the 
interaction between Pd and SiC is given in the UNLV M aster’s thesis o f Goverdhan 
Gajjala [14].
2.1 HOPG surface properties 
Carbon is one o f  the most abundant elements. HOPG consists o f  a layered structure o f 
earbon atoms with strong interaction forces within the lateral planes and weak interaction 
between the planes, which explains the fact that HOPG can be easily cleaved. Graphite 
with its sp^-bonded configuration is a semimetal and has a highly anisotropic eleetronie 
structure [15], which is the basis o f the unique electronic properties o f graphitic 
materials, such as HOPG, fullerenes, and earbon nanotubes. M any theoretical and 
experimental studies have been done on the electronic transport in graphite [16,17]. 
HOPG is typically modeled as containing only sp^ earbon atoms, with no other functional 
groups present. HOPG is frequently used as a substrate for scanning probe microscopy 
because it is easy to prepare and provides large atomically flat terraces [18]. It is 
generally assumed that cleaving in air provides a “clean” surface containing only earbon
atoms in the hexagonal lattice and that only adventitious physisorbed impurities perturb 
the surface.
2.2 SiC surface studies
The properties o f SiC, such as wide electronic band gap, high thermal conductivity, 
high electron mobility, and resistance to radiation make it a desirable semiconductor for 
high temperature operations, high power mieroeleetronies, as well as for coating layers in 
TRISO nuclear fuels. These unique properties permit SiC to operate reliably at very high 
temperatures even in harsh environments [14].
One noteworthy feature o f SiC is its appearance in many polytypes [19-22]. SiC is 
composed o f Si-C bilayers perpendicular to the e-axis. Depending upon the stacking 
sequence, a lone cubic polytype (denoted 3C-or (3-SiC) exists. In addition, a number o f 
hexagonal polytypes, denoted 2H-, 4H-, 6H-S1C etc., exist. Rhombohedral polytypes are 
denoted as a-SiC. In total, there are more than 200 polytypes o f  SiC. The most common 
polytypes are 4H-, 6H-, and 3C-S1C [14]. For our surface study, we used n-doped 6H-S1C 
(0001). The surface structure can show three different types o f reconstruction: 3x3, 
^3x^3 and 6x6 [49]. Annealing the Si-terminated surface at 850 °C in ultra-high vacuum 
(UHV) leads to a 3x3 surface, which is changed to a ^3x^3 reconstruction by further 
annealing at 950 °C. Further heating above 1000°C forms a 6V3x6V3 structure. When the 
(0001) surface is flashed to 1150 °C, it is graphitized with a 6x6 structure. It is believed 
that the 6^3x6^3  surface is a mixture o f the ^3x^3 and 6x6 domains [23,14].
The various surface structures o f SiC give a first indication o f chemical reactivity o f 
the surface, which will be important for studying its reactivity with Cs.
2.3 Influence o f SiC and HOPG properties on the interaction with fission 
products
It was found that the mierostrueture o f the SiC layer affects the rate o f  Cs diffusion, 
but the exact correlation between mierostruetural features and penetration rate is still 
unknown [12]. Furthermore, it can be expected that the various surface reconstructions o f 
SiC will have a significant impact on the Cs/SiC interface formation. It was shown that 
exposure to Cs vapor causes pitting o f  the SiC layer, which suggests that the layer is 
chemically attacked and not only diffusion is taking place [24]. It is also reported that 
carbon monoxide (CO) can permeate pyrocarbon and that it intercalates into graphite 
structures [25]. This is o f  significant relevance, since, on higher bum-up, TRISO particles 
produce enough CO to break through the PyC layer and cause degradation.
2.3.1 Concentration dependence
The amount o f fission products in the TRISO particle is a function o f kernel volume 
and density. The fission yield o f  Cs isotopes varies considerably with the fissile species 
and is the largest single factor affecting the amount o f Cs per particle. In particles with a 
high percentage o f  plutonium isotopes, the fission product generation rate per particle 
will thus be higher for heavy-metal bum-ups [14]. Furthermore, the concern over Cs-SiC 
interactions is greatest for TRISO particle fuels having a low enrichment o f  [26].
2.3.2 Behavior o f Cs
Experiments performed by Coen et al. [11,12] in the 1970s demonstrate that Cs vapor 
can attack SiC at temperatures higher than 1500 °C. As mentioned above, SiC samples 
exposed to cesium vapor show pitting o f  the SiC layer indicating the attack o f the layer is 
not only by simple diffusion [24]. The kinetics o f the attack correlates reasonably well 
with the timing o f  cesium release from the German pebble reactor [11]. Fig 2.1 shows
8
how the higher bum  up temperatures affect the increased cesium corrosion rates. As is 
evident from the figure, the corrosion rate increases significantly (note the logarithmic 
scale on the ordinate) as the temperature is increased.
1.0E+00
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Figure 2-1: Cesium corrosion rate as a function o f temperature (from Ref. [3])
CHAPTER 3
EXPERIMENTAL
3.1 Photoeleetron Spectroscopy (PES)
PES is a surface-sensitive analytic tool to study the occupied electronic states o f a 
sample. It is based on the external photoelectric effect. It can be used to analyze which 
elements are present at a surface, and gives information about chemical species and 
valence levels [27]. In the photoemission process, an incident photon with energy h v  
excites an electron from an initial state \\i\ into a final state \\if above the vacuum level. 
The quantum mechanical probability W i^f for this process (in first order) is given by 
Ferm i's Golden Rule [28]:
W i^f oc |(vi/f I  r |v i/i)p  ô ( E f - E i - h v )
The delta function in the above equation describes the energy conservation law; r is 
the dipole operator, and E, and Ef the energies o f the initial and final state, respectively. 
Depending on the energy o f the incoming photons, one distinguishes between ultra-violet 
photoeleetron spectroscopy (UPS) or X-ray photoeleetron spectroscopy (XPS). These two 









Figure 3-1: Schematic diagram o f core-level electron excitation (photoemission -  
“PES”) and the subsequent secondary processes filling the core hole (Auger-eleetron 
decay -  “Auger” -  and X-ray emission process -  “XES”).
3.1.1 X-ray photoeleetron spectroscopy (XPS)
XPS involves the excitation o f a core electron above the vacuum level. The sample is 
irradiated with X-rays o f known energy hu (A1 K« -1486.58 eV or Mg K« -1253.56 eV). 
Electrons with a binding energy Ey can be ejected if  Ey< hu, as shown in Fig. 3-1. These 
electrons have a kinetic energy Ek, which can be measured and is given by
11
Ek— hv — Eb — Osp 
(Osp is the spectrometer work function)
From the above equation we can calculate Ey by measuring Ek o f  the photoelectrons. 
Since Ey has a characteristic value for each element, XPS can be used to determine the 
composition at the surface o f the investigated sample. Furthermore, chemical shifts o f  the 
XPS lines can be used to gain information about chemical compounds present at the 
sample surface.
The photoemission process is schematically shown in Figure 3-1. As also depicted in 
Figure 3-1, the core hole created by the photoemission process leads to secondary 
processes by filling the core hole with an electron from a higher energy level. The gained 
energy can either be used to emit another electron (Auger process, see 3.1.3) or to emit a 
photon (X-ray emission) [29].
3.1.2 Ultraviolet Photoeleetron Spectroscopy (UPS)
In this technique UV photons are used to eject electrons from the valence band region 
o f a material. For our experiments we use a helium gas discharge lamp (hu = 21.22 eV 
for He I and hu = 40.82 eV for He II) as photon source. Usually, the experimental 
resolution in UPS is superior compared to XPS. In addition, the cross section for the 
valence electrons is much larger using photons in the UV range than in the X-ray range, 
making it the technique o f choice for measuring valence states.
Important for the interpretation o f a UPS spectrum is the conservation o f the crystal 
momentum o f the electrons in the initial and the final state. Therefore, one has to 
differentiate between direct and indirect transitions. Indirect transitions are less likely,
12
because phonons are needed to fulfill momentum conservation. Due to the small inelastic 
mean free path o f the electrons, a large number o f electrons are observed in the spectrum, 
which have either made one or more inelastic collisions or were excited above the 
vacuum level by such inelastic processes.
In this thesis, UPS is used to measure valence band maximum (VBM) and work 
function (O) o f the investigated samples. For the latter, the energy o f  the slowest emitted 
electrons (secondary electrons) is measured relative to the Fermi energy [29,30].
3.1.3 Auger-Electron Spectroscopy (AES)
In the Auger process an atom is ionized by removal o f  a core electron either by 
electron or by photon (as in this thesis) excitation. The core hole is then filled by an 
electron from a higher shell and the gained energy is used to excite another electron 
above the vacuum level, which is then analyzed with an electron analyzer. The energy o f 
the so-called Auger electron is independent o f  the type and energy o f the excitation [31].
The energy o f the Auger electron can be written in terms o f  the binding energies o f 
the three involved electrons [32,47,48]:
Auger ■ Ex - Ey - Ez - Ueff
Ex, Ey, Ez are the binding energies o f the three participating electronic levels. Ueff 
accounts for the extra energy needed to remove an electron from a doubly ionized atom, 
and the dynamic relaxation o f electrons during the Auger process. The kinetic energy o f 
the Auger electron is characteristic o f the element from which it was emitted. Thus it 
gives detailed information about the chemical structure at the sample surface. Similar to
13
XPS, AES is a surface-sensitive technique, governed by the short inelastic mean free path 
o f the detected electrons.
3.2 Alkali metal evaporator
An alkali metal evaporator was designed and built to evaporate cesium in a UHV 
environment. As cesium source, a getter element (SAES Getters) was used. The material 
in this getter element is a mixture o f cesium chromate (Cs2Cr0 4 ) with a reducing agent 
(St 101) [33], which also absorbs the active gases which are produced during the 
evaporation and thereby prevents contamination on the sample. The getter elements have 
a trapezoidal cross section and contain a slit that opens up during the activation process. 
The unique geometric design helps to maintain reproducible evaporation conditions. The 
standard activation current is between 4.5 - 7.5 A and the maximum temperature is 
500°C.
The evaporator is shown in Fig. 3-2 and was constructed as follows. Both ends o f  the 
getter element were bent by 90° and then connected to copper rods. Similar connectors 
were used to fix the getter element to the electrical feedthroughs in a standard CF40 (2%" 
O.D.) flange. Copper foil is used as a shield around the getter source to minimize 
deposition o f Cs on other components in the vacuum system. The evaporator was 
mounted on a linear z-travel, which allows control o f the distance between evaporator 
and sample.
Before evaporation was started, the getter element was activated and degassed. For 
this purpose, the current through the getter element was slowly increased to 7 A while 
watching the pressure o f the preparation chamber. The pressure shows a gradual increase
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because o f  degassing. A sudden jum p in the pressure indicates that the sealant material 
closing the slit o f  the getter element was removed (evaporated) and that Cs evaporation 
has started. After degassing the current was decreased to 1 A  and never reduced below 
this value to keep the getter element at an elevated temperature below the Cs evaporation 
temperature. This prevents the adsorption o f molecules from the residual gas on the getter 
element and thus minimizes the risk o f  contaminating it.
Figure 3-2: Alkali-metal evaporator constructed during this thesis. The left picture 
shows the getter element, connected using copper connectors and surrounded by a 
copper shield. Also seen is the ceramic ring (around the left copper connector) that 
ensure electrical isolation from the copper shield. The right picture shows the 
completed evaporator after improving the design o f the copper shield.
To start Cs deposition onto the sample, the sample was transferred to the preparation 
chamber and held there with its surface oriented away from the evaporator. The getter 
current was then increased to 4.5 A and kept constant for three minutes for further
15
degassing. Then, the current was increased to 6.0 A and held for 1 min. to reach a 
constant temperature and thus Cs flux. The sample was then rotated by 180° such that it 
directly faced the Cs evaporator. Cs vapor from the getter element was thus deposited at 
normal incidence. To stop the evaporation step, the sample was rotated back to its 
original position and the current o f the getter element was decreased to 1 A.
3.3 Instrumentation
The surface analysis system at UNLV, shown in Figure 3-3, mainly consists o f four 
interconnected UHV chambers, namely an analysis chamber, a preparation chamber, a 
distribution chamber, and the load lock. The load lock is connected to a glove box in 
order to be able to prepare and mount samples in an inert gas atmosphere. The 
distribution chamber also connects to the Atomic Force Microscope (AFM) chamber. 
Since the chambers are connected, the samples can be moved between these chambers 
without exposure to ambient air.
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Figure 3-3; Experimental surface analysis system at UNLV
The analysis chamber contains an X-ray source, a UV lamp, a sample manipulator, 
and an electron analyzer (see 3.2.3). In the preparation chamber samples can be cleaned 
and/or modified by sputtering and/or annealing. Also, metal evaporation onto the sample 
is done here using the cesium evaporator (as labeled Fig. 3-3).
3.3.1 Ultra-High V acuum (UHV)
UHV conditions are generally regarded as a region below 10'^ mbar. UHV is 
needed for surface science experiments as molecules can adsorb on a sample surface and 
thus change its properties. For example at a pressure o f 10'^ mbar, a monolayer o f  gas 
molecules will form on the surface in about 1 second (assuming that every molecule to 
strike the surface sticks to the surface). Given the surface-sensitivity o f the here-
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employed experimental techniques, this is clearly not enough time to perform the 
experiments.
In order to achieve UHV conditions, special procedures are to be followed. I f  vented, 
the chamber is baked after pump-down. For this purpose the vacuum chamber is insulated 
and heated to a temperature o f about 150 °C for 24 -  48 hours to remove any unwanted 
molecules adsorbed on the chamber walls. After cooling down to room temperature, the 
chamber pressure will reach the UHV region.
Different types o f  pumps can be used to reach UHV conditions. The main pumps we 
use in our lab are turbomolecular (turbo) pumps, which need a fore vacuum generated by 
roughing pumps. Furthermore, titanium sublimation pumps and ion getter pumps are used 
in our lab.
3.3.2 Concentric Hemispherical Analyzer (CHA)
The concentric hemispherical analyzer (CHA) is the most popular electron energy 
analyzer for electron spectroscopy. It consists o f  two hemispheres - the inner one with a 
radius Ri and the outer one with a radius R2 (see Figure 3-4). Potentials are applied to 
both hemispheres with V2 being more negative than Vi. The median equipotential surface 
between the hemispheres has a potential Vo given by
Vo = (ViRi + V2R2)/2Ro
where Ro is the radius o f the median equipotential surface [34].
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Figure 3-4: Cross section o f a Concentric Hemispherical Analyzer (CHA) [34].
Electrons entering through the entrance slit S with a kinetic energy E = eVo (the “pass 
energy”) will follow the trajectory through the analyzer along the median equipotential 
surface o f  radius Ro and will be focused at the exit slit F. Ri and R% are fixed; by 
changing V] and V 2 one can thus select electrons o f a specific kinetic energy to pass 
through the analyzer. In XPS, it is desired that the absolute resolution (AE) remains 
constant throughout a scan, and thus, rather than scanning voltages Vi and V2, a 





where Eq is the pass energy o f the system,‘s ’ is the mean width (wi + W2 ) /2  and Ro is the 










Figure 3-5: Scheme o f a Concentric Hemispherical Analyzer (CHA) [34].
Figure 3-5 shows a scheme o f the complete electron analyzer. It shows the lens 
apertures, inner and outer hemispheres, as discussed above, and also the position o f the 
channeltron detector. For all experiments in this thesis, a Specs PHOIBOS 150 MCD 




Two experimental series were conducted in order to study the interface formation 
between cesium (Cs) and Highly Ordered Pyrolytic Graphite (HOPG, ‘ZYA’-grade, 
Structure Probe Inc.) as well as between Cs and silicon carbide (n-doped SiC-6H (0001), 
Mateck). For both experiments the alkali metal evaporator described above was used to 
deposit Cs on the sample surface.
4.1 Cs/H O PG - Interface study
4.1.1 Cs/HOPG - Chemical structure investigated by XPS
HOPG, because o f its layered structure, cleaves easily. To prepare a clean surface, a 
piece o f scotch tape was pressed onto the flat surface and then pulled off. With this (well 
established) procedure, the tape removes a thin layer o f HOPG, exposing a clean surface. 
For each series in this thesis, a freshly cleaved sample was used.
Figure 4-1 shows a sequence o f Mg XPS survey spectra o f a cleaved HOPG and 
corresponding spectra after stepwise deposition o f Cs (20 -300 s). It can be observed 
that, with increasing Cs deposition time, the Cs-related photoemission and Auger features 
increase in intensity and, at the same time, the C-related substrate features decrease. As 
will be discussed below, a quantitative analysis reveals that the decrease o f the C Is peak
2 1
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Figure 4-1: XPS survey spectra o f a cleaved HOPG sample before and after stepwise Cs 
deposition (20 s -  300 s), as well as after annealing o f the sample (“300+heated”).
2 2
intensity does not correlate with the Cs peak intensity increase expected for a 
homogeneous Cs layer-by-layer growth, indicating the formation o f Cs islands on the 
HOPG surface.
The topmost survey spectrum (“300s+heated”) corresponds to the sample with a 300s 
Cs layer after annealing. For this step, the sample was taken out o f the chamber and was 
heated to 600°C for 60 minutes in air in a furnace. This was done in order to understand 
the behavior o f the Cs/HOPG interface structure at elevated temperatures. The 
“300s+heated” spectrum (Figure 4-1) shows an increase in the C Is intensity and a drop 
in Cs intensity.
C Is detail spectra are shown in Figure 4-2. With increasing Cs deposition time one 
can observe a decrease in the overall C Is XPS peak intensity and an intensity increase o f 
a high binding energy shoulder (red arrow) which disappears when the sample is heated. 
The intensity decrease can also be observed for the corresponding C KVV Auger peaks 
shown in Figure 4-3 (which also shows an increasing Cs 3p peak intensity with 
increasing deposition time). A detailed quantitative analysis is presented and discussed 
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Figure 4-2: C Is XPS detail spectra o f the cleaved HOPG before and after stepwise Cs 
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Figure 4-3: C KVV Auger spectra o f the cleaved HOPG, before and after stepwise Cs 
deposition as well as after heating the sample (“300s+heated”).
In Fig. 4-4 a detailed peak fitting analysis o f the C Is XPS peak is shown for the 
cleaved sample and after 20 and 300 seconds o f Cs deposition. All peaks were 
simultaneously fitted by Voigt functions. The used fitting procedure included a linear 
background and the peak width was kept the same for all fits. For the cleaved HOPG 
sample we used three Voigt peaks (A, B, D) to get a good fit: peak ‘A ’ corresponds to 
sp^-hybridized C-C surface species, peak ‘B ’ pertains to sp^-bonded carbon [35] and peak 
‘D ’ is a plasmon peak [36,37] and also takes additional background contributions into 
account. Four Voigt functions were needed to satisfactorily fit the spectra o f the
25
Cs/HOPG samples. The additional peak (C) is ascribed to a Cs/HOPG interface species, 
which is indicative o f the chemical interaction between Cs and HOPG.
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Figure 4-4: C Is XPS detail spectra (dashed line - experimental data, solid lines - 
respective fits) o f  the cleaved HOPG sample together with the corresponding spectra 
(and fits) before and after stepwise Cs deposition. The different carbon species are 
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Figure 4-5: Contributiori o f peaks A, B, and C to the C Is detail speetra as a funetion o f
Cs deposition time.
Figure 4-5 shows the normalized intensity o f peaks A, B, and C as a funetion o f Cs 
deposition time. The eurves for eaeh peak were normalized sueh that the maximum 
intensity is assigned the value 1.0. For peak A, the maximum intensity is observed for the 
shortest Cs deposition time, for peak B it is observed for intermediate deposition times, 
and for peak C it is observed for high deposition times. From Figs. 4-4 and 4-5 we ean 
observe that the Cs/HOPG interfaee speeies (Peak C) inereases with inereased Cs
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deposition. At the same time, peak ‘A ’ which is ascribed to a sp^-bonded carbon species 
at the surface decreases in intensity and peak B (sp^-bonded carbon) increases up to 180s 
o f cesium deposition and stays constant for further deposition steps.
Figure 4-6 shows Cs 3d3/2 XPS detail spectra. It is evident from the graph that the Cs 
intensity initially increases rapidly and then stays constant. Furthermore, the Cs peak 
shows a minor energy shift, but there is no change in its spectral shape, which suggests 
that no change in the chemical composition o f Cs takes place. The Cs 3d3/2 binding 
energy remains around 739.6 eV, which correspond well with the reference value for 
metallic cesium (2.1eV) [38].
After the sample is heated in air (at 600°C for 60 min) only a small amount o f cesium 
is left on the sample surface, as seen in the low Cs 3d intensity (shown with a red arrow 
in Figure 4-6). The corresponding Cs 3d peak shifts to lower binding energies by approx. 
leV , which is discussed in detail in conjunction with Figure 4-10. Figure 4-7 shows a 
quantitative analysis o f the Cs 3d intensity as a function o f Cs deposition time. As 
mentioned, the Cs intensity increases and, at 120s o f Cs evaporation and above, reaches a 
plateau.
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Figure 4-6: Cs Sds/i XPS detail spectra o f the Cs/HOPG samples as a function o f 
deposition time. The red arrow shows the Cs signal after the sample was heated in air 
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Figure 4-7: Cs intensity as a function o f  Cs deposition time.
To understand the growth behavior o f  Cs on HOPG, the intensity o f the C Is surface 
component, the C KVV Auger line, the C Is interface component, and the Cs 3d line 
were normalized and plotted (Fig.4-8). From the figure it is evident that the Cs 3d 
intensity and the intensity o f  the C Is interface component increase, whereas the 
intensities o f the C Is surface component and the C-Auger decrease. Furthermore, the 
increase o f the Cs intensity and the intensity o f the C Is interface component is much 
stronger in comparison with the decrease o f the intensities o f the C Is surface component 
and the C Auger line. As mentioned earlier, this behavior suggests that the Cs film is not
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growing in a layer-by-layer mode, but rather forms islands on the HOPG surface (as will 
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Figure 4-8; Normalized intensities o f Cs and different carbon species as a function o f  Cs
deposition time.
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Figure 4-9: AFM  images o f  the HOPG sample after 40s (left) and 300s (right) Cs
deposition (Frame: 4000 x 4000 nm^).
y
4.1.2 Cs/HOPG -  Morphology determined by AFM
Figure 4-9 shows AFM images o f  Cs/HOPG samples after 40s (left) and 300s (right) 
Cs deposition. The image o f the 40s Cs/HOPG sample shows Cs clusters distributed 
along the surface steps o f the HOPG substrate. The image o f the 300s Cs/HOPG sample 
shows bigger Cs clusters. This corroborates the findings o f  the XPS intensity analysis, 
namely that the deposited Cs forms clusters (islands) rather than a continuous layer 
(Volmer-W eber growth) [39].
Figure 4-10 shows AFM images o f  the 300s Cs/HOPG sample (left) and a clean 
HOPG sample (right), both after annealing in air for 60 min at 600°C. The image o f the 
300s Cs/HOPG sample shows cracks and holes (craters),that formed during the annealing 
step. In contrast, the AFM image o f the clean HOPG sample shows cracks, but no craters. 
Further studies will be needed to study this phenomenon in detail. At present, we form 
the hypothesis that the craters are created due to the interaction o f  Cs with HOPG,
32
corroborating the XPS findings that the Cs intensity found on the surface after annealing 
is significantly reduced.
I
Figure 4-10: AFM images o f the 300s Cs/HOPG (left) and a clean HOPG sample 

















Figure 4-11 : Sequence o f  the secondary electron cut-off in UPS (He I) spectra o f  a clean 
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Figure 4-12: W ork function values o f the investigated Cs/HOPG samples as a 
function o f Cs deposition time.
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4.1.3 Cs/HOPG -  Electronic structure investigated by UPS
Next, the UPS data shown in Figure 4-11 is discussed. The figure shows the 
secondary electron cutoff for the cleaved HOPG sample as well as that o f  the Cs/HOPG 
samples after different Cs deposition times. The UPS spectra were taken with a bias 
voltage o f  15 V. From the graph it is evident that already after the first Cs deposition step 
(20s) the cutoff is shifted to higher binding energies compared to that o f the clean HOPG 
sarnple. The onset o f  the cutoff (which is derived by linear extrapolation o f  the leading 
edge) can be used to determine the sample work function by using O  = hu -  Ecut-off- The 
literature value for the work function o f  HOPG in air is 4.65 eV [40]. For pure metallic 
Cs it is 2.1 eV [41]. For the cleaved HOPG sample, we find (4.45 ± 0.19) eV and for the 
sample with 300s Cs (2.42 ± 0.30) eV, which agrees well with the literature data (Keep in 
mind that we find the formation o f  Cs clusters on the surface, but not a closed film. 
Consequently, the laterally average surface dipole, which is a major contributor to the 
work function value, will not be identical to the surface dipole o f  a Cs solid sample. For 
the heated 300s Cs/HOPG sample we find (4.1 ± 0.30) eV. Thus, upon heating the 
Cs/HOPG sample, the work function increases again (almost back to the value o f a clean 
HOPG sample). A detailed discussion and conclusion can be found later (4.3.1) in this 
chapter.
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4.2 Cs/SiC -  Interface formation
4.2.1 Cleaning procedure
The SiC sample was cleaned by etching with 25% Hydrofluoric acid (HF) solution 
for 10 min at room temperature. After etching, the SiC sample was carefully rinsed with 
distilled water and dried under nitrogen gas. Subsequently, the sample was introduced in 
the UHV surface characterization chamber (see Experimental) and characterized by XPS. 
The corresponding XPS survey spectrum is shown in Figure 4-13 (top). In addition to the 
expected Si- and C-related photoemission lines (Si 2p, Si 2s, C Is) and Auger features (C 
KVV) o f the SiC sample, one can also observe respective features ascribed to nitrogen (N 
Is), oxygen (O Is, O KVV), and fluorine (F Is, F KLL). The latter two are indicative for 
a HF-etch induced surface contamination layer. In order to remove these adsorbates, the 
sample was heated in UHV to about 500°C for about 30 min. After the sample was 
cooled down it was again measured by XPS. The XPS survey spectra o f  the SiC sample 
before and after annealing are shown in Figure 4-13. It is evident from the graph that for 
the annealed SiC sample, the intensity o f the F- and 0-related features is significantly 
reduced. Note that the feature ascribed to nitrogen is also significantly reduced.
Thus, a combination o f HF-etching and heat-treatment in UHV is very efficient to 
prepare a clean SiC surface. Consequently, this SiC sample was used as the SiC substrate 
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Figure 4-13: XPS survey spectra o f the “HF-etched” SiC sample - before (top) and 
after (bottom) annealing.
4.2.2 Cs/SiC -  Chemical structure investigated by XPS
Figure 4-14 shows the A1 K„ XPS survey spectrum o f the clean SiC substrate 
(“HF+Heat”), together with corresponding spectra after stepwise Cs deposition (10 -  
60s). It can be observed that with increasing Cs deposition time the Cs-related 
photoemission and Auger features increase in intensity. At the same time, the SiC- 
related substrate features decrease in intensity. Note again that, compared to the increase 
o f the Cs features, the intensity o f the substrate peaks is not decreasing as fast as would 
be expected for a homogeneous Cs film coverage (see also previous discussion about the 
growth o f Cs on HOPG).
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Figure 4-14: XPS survey spectrum o f the cleaned SiC sample (“HF+Heat”) together 
with corresponding spectra after stepwise Cs deposition (“ 10s” -  “60s”).
The corresponding C ls  detail spectra are shown in Figure 4-15. Upon Cs deposition, 
a 0.23 eV shift (clean SiC compared to 10s Cs deposition) o f  the C Is peak and an
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intensity increase on the high binding energy side can be observed. The first observation 
suggests that due to the Cs/SiC interface formation a band bending is induced in the SiC 
substrate. The second observation can be explained by a pronounced interaction between 
Cs and C at the interface. The latter is further studied by decomposing the C Is detail 
spectra (see Figure 4-16). It is evident from the figure that with increasing cesium 
deposition time the C Is shoulder increases in relative intensity. While two Voigt 
functions are sufficient to fit the C l s  spectrum o f the cleaned SiC, the C l s  spectra o f the 
Cs/SiC samples need three Voigt functions to result in a good fit. Line widths and shapes 
in the fit were coupled between all spectra.
Note that all spectra were fitted simultaneously and a linear background was 
included in the fit procedure. The two different contributions to the C Is o f  the clean SiC 
sample were found to be around 283 eV (Peak “A”) and 284.5 eV (Peak “B”). Since the 
used SiC-6H (0001) substrate is C-terminated we ascribe (A) to be the bulk speeies and 
(B) to be the surface C species o f  SiC [14]. After Cs deposition, three different carbon 
species at around 283.4 eV, 284.6 eV, and 287.5 eV can be identified, which we ascribe 
to (A) the SiC bulk species, (B) the SiC surface speeies, and (C) a Cs/SiC interface 
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Figure 4-15: C Is XPS detail spectrum o f the clean SiC sample (“HF+Heat”) together 
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Figure 4-16: C Is XPS detail spectra (dashed line - experimental data, solid lines - 
respective fits) o f the cleaned SiC sample (“HF+Heat”) together with the 
corresponding spectra (and fits) after stepwise Cs deposition (“ 10s” -  “60s”). The 
different C-species are labeled A, B, and C (see text).
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Figure 4-17: Contribution o f  peaks A, B, and C to the C Is detail spectra as a function 
o f Cs deposition time.
As evident from Figure 4-16, the Cs/SiC interface species (peak C) contribution to the 
C Is photoemission line emerges upon Cs deposition and slightly increases in intensity 
with increasing Cs deposition time. Peak A and B decrease in intensity as is also clearly 
shown in Figure 4-17, where the A, B, and C contributions to the overall C Is intensity 
are shown as a function o f the Cs deposition time. The contribution behavior o f peak B 
and C is mirror-inverted, which points to a direct relationship between the SiC surface
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species (B) and the Cs/SiC interface species (C) suggesting that the interface species 
forms at the “expense” o f the SiC surface species.
The comparison o f the Si 2p XPS detail spectrum o f the clean SiC sample with that 
after 10s Cs deposition in Figure 4-18 shows a clear shift in its binding energy o f about
0.14 eV. This shift is also observed in the C Is detail spectrum upon 10s Cs deposition, 
confirming from above that this may be due to the Cs/SiC interface formation and the 
fact that a band bending is induced on first deposition.
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Figure 4-18: Si 2p XPS detail spectra o f the clean SiC sample before and after 10s Cs 
deposition.
Figure 4-19 shows the Cs 3d3/2 XPS detail spectra. As expected, the Cs 3d3/2 intensity 
increases with increasing deposition time. The same intensity behavior can be observed
44
for the corresponding Cs MNN peaks shown in Figure 4-20. Neither in the Cs 3d 
photoemission lines nor in the Cs MNN Auger features can an energetic shift or a change 
in the spectral shape be observed. The Cs Sd]/] binding energy stays around 739.4 which 
is in good agreement with the literature value for metallic cesium (2.1 eV) [33]. This 
finding indicates that no significant change in the chemical and electronic environment o f 
the Cs atoms occurs once deposited on the SiC, and that the observed Cs character is 
predominantly metallic.
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Figure 4-19: Cs 3d3/2 XPS detail spectra o f  the Cs/SiC samples as a function o f  
deposition time.
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Figure 4-21: Cs Sds/i intensity as a function o f deposition time.
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Figure 4-20 shows the Cs MNN Auger spectra and Fig. 4-21 shows the relative 
intensities o f cesium as a function o f evaporation time. As expected, the intensity o f  the 
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Figure 4-22: Area percentages o f different species were taken to understand the 
growth behavior o f cesium.
Fig. 4-22 clearly shows how the peaks related to the cesium and carbon interface 
species increase rapidly, whereas the carbon bulk and Si 2p peaks decrease in intensity. 
The fact that the decrease o f  the substrate lines is relatively weak compared to the 
increase o f  the cesium related features suggests that the cesium growth on SiC is similar
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to the growth on HOPG, namely that Cs elusters (islands) are being formed (Volmer - 
W eber growth) [39].
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Figure 4-23: Seeondary eleetron eutoffs o f the investigated Cs/SiC samples as
measured with UPS (He I).
4.2.3 Cs/SiC -  Eleetronie strueture investigated by UPS
Next, the UPS data shown in Figure 4-23 is diseussed. The figure shows the 
secondary eleetron eutoff for the clean SiC sample as well as those o f the Cs/SiC samples 
after different Cs deposition times. From the graph it is evident that already after a Cs 
deposition time o f only 10s the eutoff has shifted to higher binding energies eompared to 
that o f the elean SiC sample. The onset o f the cutoff (whieh is derived by linear
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extrapolation o f  the leading edge) is indicative for the sample work function. The work 
function o f SiC found in the literature is 4.4 eV [42] and that o f  pure metallic Cs is 2.1 
eV [41]. For the clean SiC we find a work function o f about (4.35 ± 0.05) eV. Upon Cs- 
deposition it decreases with increasing Cs deposition time. For the 60s Cs/SiC sample we 
find (3.12 ± 0.05) eV. Hence, the work function decreases from the value o f clean SiC 
towards that o f  metallic Cs with increasing deposition time, but remains significantly 
larger than the metallic value. From the trend o f the curve in Fig. 4-24, it is to be 
expected that the work function would decrease further for additional Cs deposition steps, 
presumably reaching the value o f metallic Cs once a sufficiently closed cover o f  the SiC 
substrate is obtained.
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Figure 4-24: W ork function values as a function o f Cs deposition time derived from




The XPS data monitoring the growth o f  Cs/HOPG (Figure 4-8) suggests an island 
type (Volmer-W eber) growth o f the Cs film. This finding is corroborated by the AFM 
images o f  the sample surface as seen in Figure 4-9. In these images the Cs clusters 
(islands) are directly visible, increasing in number and size for increasing deposition 
time.
In [43], it is reported that various metals diffuse through HOPG by activated surface 
diffusion and probably with vapor phase migration through micro-structural defects on 
the surface [43]. In our case, i.e., when the 300s Cs/HOPG sample was heated to 600°C, 
the XPS data showed that a very small amount o f Cs was left on surface (Figure 4-6). 
The AFM images o f  this sample showed a surface with craters formed after the heating 
step. When a clean HOPG sample was heated under similar conditions it did not show 
any holes (Figure 4-10), suggesting that the cesium on the surface causes the holes when 
diffusing into the HOPG. It was already shown that Li, a significantly smaller alkali 
metal, easily intercalates between the HOPG layers - this property is useful in making o f 
Li-Ionized batteries [44].
The work function o f clean HOPG decreases from 4.49 eV to 2.4 eV with just 20s 
o f  Cs evaporation on to the surface and then remains constant until the sample was 
heated. We can see a sudden jum p back to 4.1 after heating the sample. This again may 
be due to the fact that the cesium at the surface diffuses into the HOPG thereby leaving 
very little Cs on the surface (as shown in the XPS data). In the broader framework o f
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TRISO fuel stability, the Cs may be passing through the pyrolytic carbon layers, easily 
reaching the SiC layer at the high temperatures present during the fission reaction.
4.3.2 Cs/SiC
When a metal comes in contact with a semiconductor it can form a potential barrier 
with rectifying character, which is called a Schottky barrier (or diode). Depending upon 
the work function o f the metal and semiconductor, there is a flow o f electrons from the 
material with higher work function to that with lower work function (in our case from the 
Cs metal to the SiC semiconductor). The flow o f electrons continues until the Fermi 
energies reach a common and constant level. While the metal forms a surface charge 
layer, the semiconductor is depleted near the interface. This causes an electric field that 
induces a band bending [45]. In our case, we find a shift o f all substrate-related core 
levels upon Cs deposition, indicating that a Schottky barrier is indeed formed.
In the detail analysis o f the C Is core-level data, 2 carbon species were used to 
describe the clean SiC surface (surface and bulk carbon), whereas a third (interface) 
species was observed when Cs was deposited. This gives direct insight into the chemical 
interaction between Cs and SiC at their interface.
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CHAPTER 5 
CONCLUSIONS AND FUTURE W ORK
5.1. Conclusions
To understand the diffusion behavior o f  a metal fission product (Cs) in TRISO 
nuclear fuel, we have investigated the interface between Cs and HOPG as well as 
between Cs and SiC using X-ray photoelectron spectroscopy. Auger electron 
spectroscopy, and atomic force microscopy. One sample series was prepared for each 
substrate (HOPG and SiC) where Cs was stepwise deposited to produce films o f 
increasing thickness. Furthermore, the thickest Cs film on HOPG was heated to 600°C in 
air for one hour to mimic the conditions faced by the pyrolytic carbon layers in a TRISO 
particle while being in the environment o f a high temperature nuclear reactor.
A detailed analysis o f  the XPS line intensities o f the first series (Cs/HOPG) suggests 
an island-like growth o f the Cs film. This model could be corroborated by AFM 
measurements clearly showing the Cs islands on the HOPG surface. These islands 
increase in number and size for increasing Cs coverage on the surface. In addition to the 
gained structural information, the XPS spectra give insight into the chemical processes at 
the Cs/HOPG interface. We can identify an additional carbon species, which can be 
attributed to an interfacial species suggesting a strong chemical interaction at the 
interface. Dramatic changes were found after heating a thick Cs film on HOPG. It 
appears that most o f the Cs vanished from the HOPG surface, possibly due to a strong
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diffusion into the HOPG layer. Furthermore, the AFM images taken o f this sample show 
a strongly changed surface morphology with deep holes. The measurements suggest a 
strong interaction between Cs and the HOPG sample surface.
Similar to the case o f  the HOPG substrate, Cs/SiC also grows in island, as can be 
deduced from the development o f  the XPS line intensities with increasing Cs deposition 
time. Again, a new interfacial C species could be identified by a detailed peak fit analysis 
suggesting a chemical interaction at the interface. Furthermore, our measurements show a 
strong decrease o f  the work function when depositing Cs and the formation o f  a Schottky 
barrier as can be derived from core level line shifts indicating a change in band bending. 
As a future experiment it appears worthwhile to investigate the interface between fission 
products and zirconium carbide, which is one o f  the most promising alternatives to the 
SiC diffusion barrier. There is already data showing that ZrC can sustain higher bum-up 
temperatures than SiC [46]. Furthermore, the behavior for other fission products (e.g., 
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